The meagre experimental data on the physical properties of titanium aluminides, in particular on the alloys belonging to the Ti3A1 phase, has prompted the authors to undertake a detailed study of these alloys. In this paper, Debye temperatures and mean-square amplitudes of vibration of four single-phase Ti3A1 alloys of composition 22.5, 25.0, 30.0 and 33.0% aluminium are presented. The root-mean-square amplitudes of vibration of stoichiometric Ti3A1 are compared with those of other metals having hexagonal-close-packed structures. The variation of the Debye temperature with the percentage of aluminium is also discussed.
Introduction
TiaA1, one of the metallurgically important phases of the Ti-A1 system, has a wide solubility range (Murray, 1987) and crystallizes in an ordered hexagonal D019 structure. A perusal of the literature finds meagre quantities of experimental data on the physical properties of Ti3A1 alloys. Among the thermophysical properties studied so far, the Debye temperatures of pure titanium and titanium aluminides have been evaluated by Collings & Ho (1970) from lowtemperature specific-heat data. From the measured integrated intensities of single-crystal Ti3A1, Gehlen (1970) has evaluated the mean-square amplitudes of vibration and compared them with those of aluminium and titanium. Gehlen (1970) has also studied the effect of static displacement of Ti atoms compatible with the symmetry elements of the DO19 structure on the diffracted intensities of Ti3A1. There is no available data on Debye temperatures of nonstoichiometric TiaAl-phase alloys.
As part of a general programme of work on the thermophysical properties of titanium aluminides that is in progress in this laboratory, the evaluation of
Experimental details
The Ti3A1 alloys of various compositions were prepared, by nonconsumable electrode arc melting, in the form of buttons of diameter 4cm and homogenized at 1273 K for 4 h. The powder samples used to record the X-ray intensities for evaluating the Debye temperatures were obtained by hand filing the homogenized pieces, annealing at 773 K for 36 h to relieve the stresses and sieving through a -325-mesh screen, filling in the sample holder so as to have random orientation. A Philips PW1050/70 diffractometer fitted with a proportional counter was used for the study. The presence of superlattice reflections in the diffraction pattern showed the sample to be well annealed. The intensity data were collected at room temperature (300 K) using Cu Kc~ radiation (2 = 1.5405 A) after calibrating the diffractometer with a standard silicon sample and taking all the precautions required when obtaining diffractograms (Klug & Alexander, 1974) .
All the measurable reflections in the range 25<20<135 ° were scanned at a speed of 0.125 ° min-1 for the four samples. Peak maxima of the profiles were evaluated by the midchord method and Cohen's least-squares method (Cohen, 1935) was used to determine the lattice parameters. The error in the lattice parameters was calculated by the method of Jette & Foote (1935) . The area under each reflection was measured with a planimeter and the integrated intensities were considered in the present study.
The intensity data of the TiaAl-phase alloys were processed in two stages. In the first stage, with the assumption of isotropy, a single Debye-Waller factor and amplitude of vibration were evaluated. With this J-Hereafter the composition is given in atomic percentage.
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Debye-Waller factor, the intensity data were corrected for thermal diffuse scattering. In the second stage, allowance was made for anisotropy. The integrated intensity of a Bragg reflection (0) from an anisotropic hexagonal crystal may be written (Blackman, 1956;  ,International Tables for X-ray Crystallography, 1.9:59; James, 1967) as
where C is the scale factor, Ic is the calculated intensity for a static lattice, I o is the measured intensity, (u~) and (u 2) refer to the components of the average vibrational amplitudes projected onto the hexagonal axis and basal plane, respectively, ~p is the angle between the diffraction vector and the hexagonal axis and 2 is the wavelength. The angle tp is given by For stoichiometric Ti3AI, the structure factors are given by The structure factors are calculated from the values of the atomic scattering factors taken from Cromer & Waber (1965) , corrected for anomalous dispersion (Cromer & Liberman, 1970) . The values of the mean-square displacements (u~) and (u~) were obtained from the least-squares analysis of (1) for various reflections. The average mean-square amplitude of vibration, 2 (Uav), was evaluated from (u~) and (u~), from which the mean Debye-Waller factor, B, was calculated using B = 8n 2(u~V).
B can also be expressed as
where m is the mass, T is the absolute temperature and h and k are the Planck and Boltzmann constants, respectively. The function W(x) is given by
where ~o(x) is an integral and x = 0o/T, 0o being the Debye temperature. Benson & Gill (1966) , have tabulated values of W(x) over a wide range of x for small increments, from which 0o was calculated.
A similar procedure has been followed to calculate the Debye temperatures and mean-square amplitudes of vibration of nonstoichiometric Ti3Al-phase alloys by modifying the expressions for the structure factors with the corresponding atomic fractions.
Results and discussion
The lattice parameters and unit-cell volumes (V) of the four single-phase Ti3A1 alloys for which intensity data were collected are given in Table 1 . The volume of the unit cell (V) decreases with increasing aluminium percentage, which is expected because of the lower atomic radius of aluminium (1.43A) compared with titanium (1.47 A).
Root-mean-square amplitudes of vibration, Debye-Waller factors and Debye temperatures of the four alloys considered in the present study are compiled in Table 2 . It can be observed that the root-mean-square amplitude of vibration along the c 2 1/2 axis, (url) , is smaller than that along the basal plane, (u 2) l/z, for all four compositions, having 22.5, 25.0, 30.0 and 33.0% AI, respectively, indicating that the binding between neighbouring atoms in the basal plane is weaker than that between the atoms along the c axis. From the data of Singh & Varshini (1982) , on the Debye temperatures of a few hexagonal-closepacked materials, the root-mean-square amplitudes of vibration along the basal plane ((/22) 1/2 ) and also along c ((u~)1/2) are evaluated.
In Table 3 , the present data on Ti3A1 are compared with those reported for a-titanium, magnesium, zinc and cadmium. From Singh & Varshini (1982) , for the materials having a c/a ratio less than the ideal value of 1.633 (a-titanium, magnesium and Ti3AI ), the value of (u~) 1/2 is less than that of (/./2)I/2, while for zinc and cadmium, for which the c/a ratio is greater than 1.633, the reverse is true. It can be inferred that deviation from the ideal c/a ratio and also a smaller value of (u~) 1/2 may arise as a result of stronger interlayer binding than intralayer binding.
Comparison of root-mean-square displacements, (u~) 1/2, (u2) x/2 and (U2v) 1/2 for different compositions indicates a minimum in the stoichiometric Ti3AI.
Ti3AI ALLOYS With increasing aluminium content, the Debye temperature of the Ti3A1 alloys initially increases and then decreases, reaching a maximum at the stoichiometric composition. The phenomenon is similar to the ordering when a phase has a wide solubility range.
Ordering can be expected to be maximum at the stoichiometric composition and to decrease on either side of this. The Debye temperatures of Ti-AI alloys evaluated from specific-heat data by Collings (1982) showed similar behaviour, with maxima at stoichiometric Ti3A1 and TiA1 compounds. The peak in the Debye-temperature data at stoichiometric compounds has been attributed by Collings (1982) to the brittle nature of these compounds.
The average root-mean-square amplitude of vibra-2 1]2 tion, (Uav) , obtained by Gehlen (1970) , for stoichiometric Ti3A1, is 0.070 A. The corresponding average root-mean-square amplitude of vibration obtained in the present investigation is 0.079 A.
In Table 4 , the Debye temperature of Ti3A1 obtained in the present study is compared with the data reported by earlier investigators.
The present value of 0D for the stoichiometric composition agrees well with the value reported by Zelenkov & Osokin (1976) , determined from specificheat data. The other values given in the table are higher than these two.
Concluding remarks
The root-mean-square amplitudes of vibration and Debye temperatures of four single-phase TiaAI alloys of compositions 22.5, 25.0, 30.0 and 33.0% aluminium have been evaluated. The root-mean-square amplitudes of vibration of stoichiometric Ti3A1 along the basal plane ((u 2) 1/2) and along the c axis ((u~) 1/2) are compared with those of other hexagonal-close-packed metals. The variation of the Debye temperature with the percentage of aluminium has also been discussed.
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